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Methods and Results. We studied 55 fetal rats with truncus arteriosus among 300 fetuses from 40 virgin females treated with 200 mg fertilysin on the 10th day of pregnancy. After rapid whole-body freezing on the 21st day, the fetuses were studied by means of serial cross-sectional photographs of the frozen thorax. Thirty-five fetuses with a normal heart treated with fertilysin served as controls. Truncus arteriosus was characterized by a large ventricular septal defect, a solitary artery (truncus arteriosus) overriding the ventricular septum, the right and left pulmonary arteries originating from the truncus arteriosus with or without a common trunk (main pulmonary artery), and absent ductus arteriosus. Fetuses with truncal valve insufficiency had thick truncal valves, a large truncus arteriosus, and large ventricles. The subgroup of 12 fetuses with a large truncus (truncal diameter greater than 160%,v of the ascending aorta diameter in the controls) showed significantly greater values for right ventricular volume (200% of control) and mass (120% of control), left ventricular volume (170%o of control) and mass (110% of control), right (120%1 of control) and left (110% of control) atrial volume, and pericardial fluid (140%o of control) than the controls. These changes were less prominent and ventricular volumes were not increased in the remaining subgroup with a truncal diameter of 160%o or less of aorta diameter in the controls.
Conclusions. In fetal truncus arteriosus, truncal valve insufficiency was associated with increased ventricular volume load and incomplete cardiac compensation in rats. (Circulation 1991;83:2094-2100) G reat progress has been achieved in the surgical management of truncus arteriosus during the last two decades,' and definitive surgical correction has been achieved with acceptable risk during the last decade.2 3 However, the subset of this malformation associated with truncal valve insufficiency poses a difficult clinical problem because of the early onset of severe cardiac failure in the neonate and difficulty in surgical management.4-6 Truncal valve insufficiency is assumed to develop during fetal life. Recently, some cases of truncus arteriosus were diagnosed by echocardiography in the fetus.78 However, cardiac changes in this fetal complex still need much clarification. In the past, good animal models of this complex were not available. The recent discovery of potent cardiac terato-gens9,10 and the development of methods of studying in situ cardiovascular morphology in fetal rats"',12
have made it possible to study cardiac pathology in rat fetuses with congenital heart disease. This is a report of in situ cardiovascular morphology of nearterm rat fetuses with truncus arteriosus with or without truncal valve insufficiency.
Methods
Animals. Virgin Wistar rats (pregnancy period, 21.5 days) were mated overnight from 5 PM to 9 Am, and the presence of sperm in vaginal smears fixed the 0 day of pregnancy. The rats were fed commercial solid food and water. Treatment of the rats con- aqueous suspension of gum tragacanth to give a concentration of 100 mg/mI. A single 200-mg dose of this suspension was given by gastric tube to 40 pregnant rats on the 10th day of pregnancy. Freezing, cutting, and photographing. Fetal cardiac morphology was studied on the 21 st day of pregnancy using the rapid whole-body freezing technique, as previously reported.11' 2 Briefly, the rats were killed by cervical dislocation and the fetuses were delivered quickly by cesarean section and quickly frozen by immersion in acetone cooled by dry ice to -80°C. The frozen fetuses were weighed, and the thoraxes were trimmed and sectioned on a freezing microtome (Komatsu Solidate Co., Tokyo, Japan) at the cardiac short-axis, angled coronal or cardiac long-axis, transverse, or left sagittal plane encompassing the whole heart. The short-axis plane was defined as the plane 450 to the transverse plane and 45°to the sagittal plane. The angled coronal or cardiac long-axis plane was defined as the plane 45°to the transverse plane and perpendicular to the sagittal plane. Cardiac cross sections were photographed with a binocular stereoscopic microscope (M 400 Photomakroscope, Wild Heerbrugg Ltd, Heerbrugg, Switzerland) using color film (Reala, Fuji Film Co., Tokyo). Cross sections were photographed serially every 500 gum for morphological study and measurement of chamber volumes and ventricular masses. Additional cross sections were photographed to record the origin of the pulmonary arteries and morphology of the right ventricular outflow tract. Numbered section paper
(1 x 1 mm) was photographed for a scale, and the pictures were printed on paper.
Measurement. The inner diameters of the truncus arteriosus, ascending and descending aortae, right and left pulmonary arteries, and superior and inferior venae cavae were measured on the photographs. Thickness of the truncal valve leaflets was measured at the thickest part. Thickness of the pericardial fluid was measured around the ventricle at the level of the left ventricular papillary muscles. To study the volumes of the four cardiac chambers and the muscle masses of the ventricles of each heart, each chamber on the photographs was cut out and weighed; the area was then calculated using the weight of the photograph of section paper as a scale. Volume and muscle mass were calculated as area times thickness (0.5 mm). The accuracy of this method has been tested and reported in another paper.'2 Cardiac anomalies. Of 335 fetuses from 40 litters, 16 were either dead or resorbed; the survival rate was therefore 95%. The diagnosis in 300 fetuses was tetralogy of Fallot with pulmonary valve in 160, tetralogy of Fallot without pulmonary valve in 42, truncus arteriosus in 55, simple ventricular septal defect in eight, and no major cardiac anomalies in 35. The fetuses with truncus arteriosus were included in this study. Of these 55 fetuses, 34 were sectioned and photographed in the cardiac short-axis plane, six in the angled coronal plane, five in the transverse plane, and 10 in the left sagittal plane. The 35 fetuses without major cardiac anomalies were compared as the controls.
Statistical analysis. Results are presented as mean±SEM. Comparisons between groups were subsequently submitted to Student's t test at a confidence level of 95%.
Results
Cardiac cross-sectional morphology. The truncus arteriosus was the solitary artery arising from the ven-tricles. A large subtruncal ventricular septal defect was present (Figure 1 ). Truncal overriding of the ventricular septum was present and was most apparent in the angled coronal (not shown) or sagittal (Figure 1 ) sections. Fibrous continuity was present between the truncal valve and the mitral valve ( Figure  1 ). The ductus arteriosus was absent from all hearts. The right aortic arch was present in 18 of 55 fetuses (33%). The pulmonary artery originated from the left posterolateral aspect of the truncus arteriosus midway between the tr-uncal valve and the arch, either separately (n=34) (Figure 2 ) or as a short common trunk (n=21) (Figure 3 ). The ventricles were positioned more anteroposteriorly (Figure 3 ) than in the controls (Figure 4 ). Neither interruption of the aortic arch nor unilateral absence of one pulmonary artery was associated in any case. No obvious stenosis of the pulmonary arteries was noticed.
Truncal valve. Thickness of the truncal valve leaflets was clearly estimated in this study. The truncal valve leaflets were grossly thickened to 200 ,am or more in 21 fetuses (Figure 2E ), and the thickness was less than 200 gm in the remaining 34 ( Figure 3D) . The aortic or pulmonary valve in the control fetuses was thin (100 ,gm thick [ Figures 4D and 5Ej ). The number of truncal valve cusps could be estimated in 21 fetuses; the truncal valve was tricuspid in nine and quadricuspid in 12. In the quadricuspid valves one cusp was usually hypoplastic. No apparent correlation existed between the thickness and the number of cusps of the truncal valve. However, thickening of the valve was usually associated with other signs of truncal valve insufficiency such as enlargement of the truncus arteriosus and both ventricles (Figures 2A-2F ). The annulus of the truncal valve was dilated in those fetuses with an enlarged truncus arteriosus ( Figure 2E ). Prolapse of the cusp of the truncal valve could not be evaluated. Enlargement of the heart and great vessels. In some fetuses, truncus arteriosus was associated with remarkable enlargement of all four cardiac chambers, the truncus arteriosus itself, and the aorta and with a thick truncal valve, as shown in Figure 2 . These features were assumed to be associated with truncal valve insufficiency.
Morphometry ofcardiac chambers and vessels. These results are listed in Table 1 . Because truncal valve insufficiency was associated with a significant increase in truncal diameter, truncal valve thickness, and ventricular volume, the results are listed separately for one subgroup (A) with a truncal diameter of larger than 1.3 mm and another subgroup (B) with a truncal diameter of 1.3 mm or less. The value 1.3 mm corresponds to 160% of the diameter of the ascending aorta in the controls. Compared with the controls, subgroup A showed a significant increase or enlargement of the pericardial fluid, superior vena cava, left pulmonary artery, ascending aorta, descending aorta, truncal valve, volume of all four cardiac chambers, and mass of both ventricles (Table  1) . These changes were less significant or absent in subgroup B (Table 1) . Noncardiovascular malformations. Noncardiovascular malformations included hypoplasia of the thymus, as shown in Table 1 , and craniofacial anomalies. The thymus was commonly hypoplastic and even completely absent in some fetuses with truncus arteriosus, while it was large and the volume was 9.4+0.5 mm3 (n = 10) in fetuses without bis-diamine treatment. Craniofacial anomalies included median facial cleft, cleft palate, and open eyelids.
Discussion
Truncus arteriosus. The spectrum of congenital heart diseases induced by bis-diamine treatment in rats has been well documented9'1013 and includes variable conotruncal malformations such as tetralogy of Fallot and truncus arteriosus. Although the exact mechanism of action of bis-diamine as a teratogen is not known, several studies suggest that bis-diamine works as an inhibitor of the normal action or migration of neural crest cells in cardiovascular and other organogenesis. conotruncal septation in early embryos. 14, 15 In our study, truncus arteriosus was induced in about 20% of fetal rats by the administration of bis-diamine to their mothers on the 10th day of pregnancy. The 10th day of pregnancy in rats coincides with the time of formation of the first and second branchial arches, before the start of conotruncal septation.16-18 Neural crest cells are migrating at this time. 19, 20 Our study is compatible with the hypothesis that neural crest cells are essential in conotruncal septation and that bisdiamine inhibits the action or migration of cardiac neural crest cells. The reason truncus arteriosus was induced in only 20% of fetal rats and tetralogy of Fallot in other fetuses was not clear. Truncus arteriosus is induced at a higher frequency if bis-diamine is administered on both the 9th and 10th days of pregnancy to rats.9211) Presumably, subtle differences in the timing or potency of action of bis-diamine in the fetus results in different cardiac malformations. This remains to be clarified.
Truncal valve insufficiency. We documented a subgroup of fetuses with truncus arteriosus and evidence of truncal valve insufficiency. In this subgroup, gross thickening of the truncal valve cusps was often evident. Gross enlargement of the truncus arteriosus and aorta was also apparent. Enlargement of the ventricles indicates an increase in volume load due to truncal regurgitation and is compatible with the clinical findings.6 Ventricular mass was also increased as compensation for the increased load. However, the increase in ventricular mass was small compared with the increase in ventricular volume, suggesting incomplete compensation. Increased atrial volumes and an increased amount of pericardial fluid suggest increased atrial and venous pressures. These indicate that compensatory ventricular hypertrophy was insufficient and that mild congestive heart failure was present in these fetuses.
Relation of truncus arteriosus to tetralogy of Fallot. Our study showed that bis-diamine treatment resulted in both tetralogy of Fallot and truncus arteriosus and that these two anomalies usually appeared in the same litter. These facts suggest a close etiologic relation between truncus arteriosus and tetralogy of Fallot. Early studies also suggested such a close relation. The morphological resemblance between truncus arteriosus and tetralogy of Fallot with pulmonary outflow tract atresia has been reported. 21 DiGeorge syndrome is associated with truncus arteriosus, tetralogy of Fallot, or type B interrupted aortic arch. 22 Although the embryogenesis of truncus arteriosus is controversial, both early studies and our present study suggest a close etiologic relation between truncus arteriosus and tetralogy of Fallot.
Animal model ofDiGeorge syndrome? Our studies23 and others have shown that bis-diamine treatment induces anomalies characteristic of DiGeorge syndrome in rats. These anomalies include truncus arteriosus, tetralogy of Fallot, and type B interruption of the aortic arch, which was induced in 5% of fetuses from mothers treated with bis-diamine on the 9th and 10th days of pregnancy (unpublished data). In fetal rats bis-diamine treatment induces such extracardiac anomalies as thymic hypoplasia or aplasia, parathyroid hypoplasia, and craniofacial dysplasia,913 which are characteristic of DiGeorge syndrome. However, bis-diamine treatment induces more hypoplasia or dysplasia of the semilunar valves, resulting in tetralogy of Fallot with absent pulmonary valve23 and truncal valve insufficiency, as observed in this study.
Clinical implications. Although clinical cases of truncus arteriosus and truncal valve insufficiency in the fetus have not been reported, this study supports the development of truncal valve insufficiency in the fetus. Truncus arteriosus has already been diagnosed clinically by fetal two-dimensional echocardiography.7,8 Truncus arteriosus with truncal valve insufficiency may be suspected in fetal echocardiography by enlargement of all four cardiac chambers as well as the truncus and the aorta, in addition to the characteristic features of truncus arteriosus, and the diagnosis can be established by detecting diastolic regurgitant flow through the truncal valve with Doppler echocardiography.
